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using solid-state data in normal-mode calculations based on
an isolated geometry. This is obvious for low-frequency
internal modes where mixing of internal and external motion
is important (such as CMC deformations in the present case).
Surprisingly, significant errors can also be introduced by
using solid-state data for high-energy vibrations where little
or no mixing is expected. For the Cs,LiM(CN)y salts there
are no lattice modes of Ay, or E; symmetry, yet C-N and
M-C stretching modes of these symmetries are shifted as
much as 30 cm™. Fortunately, for high-symmetry systems
such as Cs,LiIM(CN)¢ mixing of internal and external modes
and lattice interactions can be accounted for by basing the
normal-coordinate calculation on a crystalline model. As
more is learned about lattice perturbations of internal modes
from simple systems like Cs, LIM(CN), it may become
possible to carry out detailed vibrational analysis for more
complex systems.
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One interesting result of the present study is the assignment
for the rotatory mode, v14, in Cs,LiCr(CN)g. It hasnot
been possible to assign rotatory modes for hexacyanides in
the past, since the low-energy regions for low-symmetry salts
are complicated by other external modes. For high-symme-
try Fm3m salts the rotatory mode is inactive. Fortunately,
for Cs,LiCr(CN), the slight distortion from cubic symmetry
makes the rotatory mode active but does not result in
additional bands in the low-energy region. The observed
value of 91 cm™! for v, will be quite useful in carrying out
detailed calculations on Cs, LIM(CN)j4 salts.
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Although copper(Il) is reduced by cyanide in aqueous solution, we have shown that cyanide can act as a donor to copper-
(II) in the presence of ligands such as 1,10-phenanthroline and that stable mixed-ligand copper(I) cyanide complexes can

be isolated. We have prepared and characterized the series of trigonal-bipyramidal monocyano complexes [Cu(phen),CN]-
Y-nH,0 where Y- =Cl-, Br~, 17, NO, ", ClIO, ", and [Cu(phen)(CN),]". Also prepared was the square-planar Cu(phen)(CN),.

It is commonly known that in aqueous solution copper(II)
is reduced to copper(I) by cyanide? and that simple cyano
complexes of copper(Il) are unstable at normal temperatures
with respect to reduction and cannot be isolated.> It should
be possible, however, by changing the environment around
copper(Il) from water to some other ligand, to alter the Cu-
(ID)-Cu(I) reduction potential so that stable mixed-ligand
cyanide-containing complexes can be isolated. At present
only two such complexes are definitely known:* [Cu(tet-a)-
CN]Cl04°H;0 and [(CuA),CN](C10,4); where tet-a and A
represent respectively the cyclic tetradentate Schiff bases
hexamethylazacyclotetradecane and hexamethyltetraaza-
cyclotetradecadiene which both enforce square-planar en-
vironments about the copper(I[). Undoubtedly the copper-
(I)-cyanide linkage is not unique for these two complexes,
and many other mixed-ligand copper(II) cyanide complexes
which are stable to reduction should also be capable of syn-
thesis. Of interest then are the types of ligands which will
stabilize coordination of cyanide and the reasons for this
stabilization.

Anticipating that good o donors such as chelating nitrogen
donors can deter transfer of an electron from cyanide to
copper(I) by decreasing the actual positive charge on the
copper, we have centered our investigations on copper(Il)
cyanide complexes containing ligands such as 1,10-phenan-
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throline, 2,2',2""-terpyridine, and ethylenediamine, We re-
port herein our results with 1,10-phenanthroline (phen).

Experimental Section

Preparation of Complexes. 1,10-Phenanthroline monohydrate
was purchased from Eastman Kodak Chemicals. All other chemi-
cals were reagent grade and commercially available. Analyses were
performed by Galbraith Laboratories, Knoxville, Tenn,, and ate pre-
sented in Table I.

Cyanobis(1,10-phenanthroline)copper(1l) Nitrate Monohydrate.
One gram (5.04 X 107* mo}) of 1,10-phenanthroline monohydrate
and 0.406 g (1.68 X 107° mol) of Cu(NO,),3H,0 were dissolved in
50 ml of water, A 25-ml aqueous solution of KCN (0.109 g, 1.68 X
1072 mol) was then added dropwise to the hot stirring copper(II)~
1,10-phenanthroline solution. During the addition of cyanide, a
more intense dark blue solution formed and was allowed to cool
slowly overnight to room temperature. Approximately 0.68 g of
blue crystals was isolated after filtration, and the product, after being
washed with distilled water, was dried over P,0O, for 24 hr,

Cyanobis(1,10-phenanthroline)copper(Il) Dicyano-1,10-phenan-
throlinecuprate(l) Hexahydrate. To 25 ml of a hot aqueous solution
containing 0.350 g (1.77 X 1073 mo}) of 1,10-phenanthroline mono-
hydrate and 0.143 g (0.592 X 107* mol) of Cu(NO,),-3H,0, an 8ml
aqueous solution of KCN (0.0771 g, 1.18 X 1072 mol) was added
dropwise. During the addition of cyanide a more intense blue color
formed with the subsequent precipitation of a noncrystalline sub-
stance. The hot mixture was quickly filtered and the green filtrate
was transferred to a beaker, placed on the warm hot plate, and al-
lowed to cool to room temperature slowly overnight, Green needle-
like crystals which are light sensitive were isolated. These were
washed with water, air-dried, and stored in a vial covered with
aluminum foil. The yield varies from 15 to 45 mg.

Cyanobis(1,10-phenanthroline)copper(II) Chloride Monohydrate.
To 10 ml of a hot aqueous solution containing 0.0958 g (5.62 X 107*
mol) of copper(Il) chloride dihydrate and 0.334 g (1.74 X 107> mol)
of 1,10-phenanthroline monohydrate, a 5-ml aqueous solution of
KCN (0.0366 g, 5.62 X 107* mol) was added with stirring. Upon
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Table I. Analytical Data for Copper(Il) Cyanide Complexes

Inorganic Chemistry, Vol. 13, No. 2, 1974 317

% calcd % found
Compd C H N Cu C H N - Cu
[Cu(phen),CNINO;-H,O 56.65 342 15.86 57.05 3.54 15.66
[Cu(phen),CN]CIO, 1/,H,0 53.76 3.07 12.53 5342 3.13 12.50
[Cu(phen),CN]CI-H,O 59.64 3.60 13.92 59.60 3.36 13.98
[Cu(phen),CN]Br-H,0 54.80 331 12.79 54.40 3.27 12.52
[Cu(phen),CN]I-H,0 50.57 3.05 11.78 50.30 3.22 11.76
[Cu(phen),CN]{Cu(phen)(CN),]-6H,0 54.86 4.25 14.75 14.88 55.07 4.02 14.70 14.78
Cu(phen)(CN), 56.86 2.73 18.95 56.30 2.65 18.71

cooling to room temperature a small amount of green precipitate
was filtered off, and the filtrate was allowed to cool in a refrigerator
for 48 hr. The blue crystals which formed were washed with water
and dried in a desiccator overP,0 for 12 hr. Upon drying the
crystals assumed a green color. The yield was 0.101 g.

Cyanobis(1,10-phenanthroline) copper(II) Bromide Monohydrate.
Starting with CuBr,, this was prepared by the same method as the
above chloride complex.

Cyanobis(1,10-phenanthroline)copper(Il) Iodide Monohydrate.
To 30 ml of a hot aqueous solution containing 0.135 g (5.59 X 107
mol) of copper(Il) nitrate trihydrate and 0.3327 g (1.68 X 10~* mol)
of 1,10-phenanthroline monohydrate, a 10-ml aqueous solution of
potassium cyanide (0.0364 g, 5.59 X 107* mol) was added slowly
with stirring followed by a solution of about 0.7 g of potassium
iodide in 20 ml of water. Addition of the latter solution gave.a
copious green precipitate which was washed with water and dried
in a desiccator over P,O;. The yield was 0.26 g.

Cyanobis(1,10-phenanthroline)copper(Il) Perchlorate Hemi-
hydrate. To the above hot aqueous solution of [Cu(phen),CN]Cl,

a threefold excess of aqueous sodium perchlorate could be added,
causing the precipitation of [Cu(phen),CNICIO,-1/,H,0. - The blue
solid was filtered, washed with water, and dried in a desiccator over
P,0,.

Dicyano(1,10-phenanthroline)copper(Il). To 25 ml of a hot
aqueous solution containing 0.327 g (1.65 X 1072 mol) of 1,10-
phenanthroline monohydrate and 0.199 g (8.24 X 107* mol) of
Cu(NO,),-3H,0, a solution of 0.107 g (1.65 X 10~* mol) of KCN
in 10 ml of water was slowly added with stirring. The gummy
purple precipitate which formed was filtered, washed with water,
and then dried over P,0O; in a desiccator. Approximately 0.19 g
of the product was isolated.

Except for [Cu(phen),CNICI-H,0 and Cu(phen)(CN), the above
complexes were soluble in nitromethane, but they slowly decom-
posed upon standing. The complexes were soluble in no other com-
mon solvents.

Physical Measurements. Electronic spectra were measured using
a Cary 14 spectrophotometer while infrared spectra were recorded on
a Perkin-Elmer 521. Magnetic susceptibility measurements were
done by both the Faraday and Gouy techniques. In both cases, the
calibrant was Hg[Co(NCS),1. )

Results and Discussion

All of the compounds reported in this paper contain cya-
nide coordinated to copper(Il), and this can readily be veri-
fied by infrared spectroscopy. Ionic, noncoordinated cya-
nide, as in KCN, shows a single sharp absorption® (vcy) at
2080 cm™. Upon coordination to a metal ion, the CN
stretching frequency invariably increases® with the magnitude
of this increase dependent upon the strength of the o and =
metal-cyanide interaction.” For example, in Curtis’ two
compounds [Cu(tet-a)CN]* and [(CuA),CN]** (vide supra),
v is respectively (2109, 2103) and 2139 cm™.*  With the
compounds described herein as [Cu(phen),CN]X, where
X =CI,Br,I",NO;7, and Cl047, the cyanide stretching
frequency varies from 2149 to 2136 cm™ and is characteriz-
ed by a weak and broad absorption band. For [Cu(phen),-
CN][Cu(phen)(CN),]-6H,0, ¢y is 2140 cm™ for the cya-
nide bonded to copper(Il) while y¢y is 2100 and 2082 cm™
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Table II. Infrared Cyanide Stretching Frequencies of Copper(1I)
Cyanide Complexes?

Complex veNs em™?
[Cu(phen),CN]NO,-H,0 2136
[Cu(phen),CNICI-H,0 2140
[Cu(phen),CN]Br-H,0 2139
{Cu(phen),CN]I-H,O 2137
[Cu(phen),CN]CIO 1/, H,0 2149
[Cu(phen),CN][Cu(phen)(CN),]}-6H,O0 2140, 2100, 2082
Cu(phen)(CN), 2143, 2137

¢ All spectra were run as Nujol mulls.

Table ITII. Magnetic Susceptibilities of Copper(1l)
Cyanide Complexes at 296°K

Complex u, BM
[Cu(phen),CNINO;-H,0 1.83
[Cu(phen),CN]CI-H,0 1.88
[Cu(phen),CN]Bt-H,0 1.90
{Cu(phen),CN]I-H,0 1.91
[Cu(phen),CN][Cu(phen)(CN),1-6H,0 1.95
[Cu(phen),CN]CIO,-H,0O 1.88
[Cu(phen)(CN), } 1.88

for cyanide bonded to copper(l). Finally for Cu(phen)-
(CN),, voy is 2143 and 2137 cm™ and both bands are very
sharp compared to the monocyano complexes. The cyanide
stretching frequencies for these compounds are listed in Table
11.

Support for the presence of Cu(1l) is found from the mag-
netic susceptibilities of these compounds. All compounds
show molar susceptibilities indicative of one copper(1I) per
formula unit as is shown in Table I1I. This magnetic data do
not preclude the existence of dimers containing two weakly
antiferromagnetically coupléd copper(II) ions bridged by
cyanide; however we find no infrared evidence for bridging
cyanide in any of these complexes.

For all of the monocyano complexes synthesized, the
electronic spectra showed a broad asymmetric absorption
between 12.8 and 13.6 kK with a rudimentary shoulder at
slightly lower energy. These data are listed in Table IV.
Using the criteria of Hathaway,® the visible spectra seem
most consistent with a five-coordinate trigonal-bipyramidal
geometry in which the cyanide would be located in the equa-
torial plane as shown in I. This structure has been verified

N
N
Cu CN
N
\N
I

by X.ray crystallography for two analogous complexes

(8) B. J. Hathaway, J. Chem. Soc., Dalton Trans., 1196 (1972).
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Table IV. Electronic Spectra of Copper(II) Cyanide Complexes?

Complex Absorptions, kK
[Cu(phen),CNINO,-H,0 13506
[Cu(phen)2CN]C104-32H20 133b
[Cu(phen),CNICI-H, 134b
[Cu(phen),CN]Br-H,O 13.7b
[Cu(phen),CNJI-H,O 1380
[Cu(phen),CN]{Cu(phen)(CN), ]-6H,0 21.7,13.4 vb
Cu(phen)(CN), 18.2

@ The spectra of these complexes were obtained as Nujol mulls,

[Cu(bipy),1]I° and [Cu(bipy),NH;}(BF4),* where bipy =
2,2"-bipyridine. Furthermore, Hathaway and coworkers
have investigated a series of similar complexes [Cu(bipy),-
X]Y, where X and Y are various unidentate anionic ligands,
and have also proposed a trigonal-bipyramidal structure on
the basis of electronic and esr spectra. Other possibilities
which do not seem as plausible would be a square-pyramidal
structure (I, IIT) or a cis-octahedral structure (IV). Inall

N
¢ % N
N N N CN N CN
f Cu ;/ f Cu ; Cu
I il \N
v

three cases the electronic spectra observed for these mono-
cyano adducts are inconsistent with the above formula-
tions.®!!  Also for II, there would be formidably unfavor-
able steric interactions arising from having two coplanar
phenanthroline ligands.'?!3

It should be understood, however, that many copper(Il)
complexes possess irregular structures and that such irregu-
larities cannot be deduced from the broad electronic spectra
of these complexes. Undoubtedly some monocyano com-
plexes may show significant deviations from trigonal-bipyra-
midal geometry, and in some cases the counterion could
weakly interact with copper(Il).

One possible case where a deviation from trigonal-bipyra-
midal geometry may occur is [Cu(phen),CN|NO4-H,0. Al
though the electronic spectrum is consistent with a trigonal-
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Soc., 5691 (1963).
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to be trigonal bipyramidal: H. Nakai, Bull. Chem. Soc. Jap.,44,
2412 (1971).

Mark Wicholas and Thomas Wolford

bipyramidal geometry, the infrared spectrum shows weak
interaction of the nitrate ion and copper(II). For this com-
plex, »3(NO; ) is split by 50 cm™ at 1370 and 1320 cm™.
This splitting is exceptionally small and is similar in magni-
tude to that found for {Cu(en), [(NO3),, 60 cm™, where
“semicoordination” of nitrate has been proposed.'* When
nitrate is coordinated in a monodentate or bidentate fashion,
splittings in »4 of approximately 100-200 cm ™! are found!516
and normal copper-oxygen bond lengths occur.!” For weak
interactions or semicoordination, the copper-oxygen bond
distance is known to vary from 2.6 to 2.9 A!7**® with the
weaker interaction giving the longer distance. Further sup-
port for the weak interaction of nitrate in the solid state is
found upon examination of the splitting of the nitrate com-
bination band »; + v4 in the 1700-1800-cm™ region.
Lever'? has proposed that this band can be used diagnostical-
ly to differentiate among ionic, monodentate, and bidentate
nitrates with the expected splittings being as follows: ionic,
none; monodentate,2® 5-26 cm™; bidentate, 20~66 cm ™.
The splitting of »; + v4 in [Cu(phen),CNINO;-H,0 is 2 cm™
which again substantiates the interpretation that the nitrate
ion is very weakly interacting with copper(II). For the per-
chlorate complex [Cu(phen),CN]CIO,1/,H,0, v3(Cl047) is
at 1080 cm™ and is unsplit. This would signify noncoordi-
nation of perchlorate.

Various attempts were made to prepare complexes with
two or more coordinated cyanides but only the complex
Cu(phen)(CN), was isolated. This complex is undoubtedly
of square-planar symmetry. The high-energy band in the
electronic spectrum at 18.2 kK is consistent with this as-
signment as is the presence of the two cyanide stretching
bands in the infrared.
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